One sentence summary: This study indicated that the importance of the methionine sulfoxide reductase system in the pathogenesis of Francisella tularensis and MsrB contributes to bacterial replication in macrophages and infection in mice. Editor: Guoqing Xia
INTRODUCTION
Francisella tularensis is a Gram-negative facultative intracellular bacterium that causes tularemia in humans. It can serve as a biological weapon (Dennis et al. 2001) . Only 10 cells of Francisella can cause disease in humans (Saslaw et al. 1961) . Francisella tularensis can infect in a wide range of mammals, but it is mainly found in small rodents, hares and rabbits (Carvalho et al. 2014) . The organism is transmitted by ticks, mosquitoes, direct contact of sick animals, contaminated food and water, or aerosols (Carvalho et al. 2014) . Depending on the route of entry, the bacterium causes ulceroglandular, glandular, oropharyngeal, oculoglandular, typhoid or pneumonic forms of tularemia (Evans et al. 1985; Carvalho et al. 2014) . The disease is primarily distributed in the Northern Hemisphere. The genus Francisella contains two species, namely F. tularensis and F. philomiragia. Francisella tularensis has four subspecies, namely subsp. tularensis (type A), holarctica (type B), mediasiatica and novicida (Sjödin et al. 2012) . Among these four subspecies, the first two are responsible for human infection (Sandström et al. 1992) . After infection, Francisella can survive and replicate within a variety of mammalian cell types including phagocytic and nonphagocytic cells of various species (Meibom and Charbit 2010) . Within macrophages, Francisella faces a number of host defenses including degradative enzymes, acidic pH and oxidative stresses (Lenco et al. 2005; Bakshi et al. 2006; Clemens and Horwitz 2007; Guina et al. 2007; Mc Caffrey et al. 2010; Dieppedale et al. 2011) . As a result of host-pathogen interactions, macrophages produce reactive oxygen species (ROS), which alter bacterial macromolecules (e.g. proteins, DNA, lipids) and ultimately induce bacterial death. Francisella detoxifies ROS using various enzymes such as superoxide dismutase (SOD), catalase, glutathione peroxidase, organic hydroperoxides, alkyl hydroperoxide reductase and MoxR ATPase (Lindgren et al. 2007; Melillo et al. 2009; Dieppedale et al. 2011; Binesse et al. 2015) .
Methionine is one of the most vulnerable amino acids under oxidative stress. Upon oxidation, it is converted into methionine sulfoxide (MetO), which cannot perform normal cellular functions. Oxidation of methionine results in two diastereomeric forms of MetO: methionine-(S)-sulfoxide (Met-S-SO) and methionine-(R)-sulfoxide (Met-R-SO). The two methionine sulfoxide reductases encoded by msrA and msrB catalyze the reduction of Met-S-SO and Met-R-SO, respectively . Msr is different from conventional antioxidants such as SOD or alkyl hydroperoxide reductase. The latter can directly detoxify ROS, whereas Msr can convert the oxidized protein into its reduced state. The performance of MsrA and MsrB has been studied in many pathogenic bacteria. In prior research, the lack of MsrA induced susceptibility to oxidative stress in Salmonella typhimurium (Denkel et al. 2011) , Staphylococcus aureus (Singh et al. 2001 (Singh et al. , 2015 , Mycobacterium smegmatis (Douglas et al. 2004) and Escherichia coli (Moskovitz et al. 1995) . Both MsrA and MsrB combat oxidative stress in Campylobacter jejuni (Atack and Kelly 2008) , M. tuberculosis (Lee et al. 2009 ) and Enterococcus faecalis (Zhao et al. 2010) . Among these organisms, S. typhimurium, C. jejuni and Mycobacterium sp. are considered facultative intracellular pathogens capable of replicating inside host macrophages. However, the role of MsrA and MsrB in the pathogenesis of F. tularensis has not been studied. This study described the contribution of MsrA and MsrB to the intracellular growth of F. tularensis and its response to oxidative stress. Our results indicated the importance of the methionine sulfoxide reductase system in the pathogenesis of F. tularensis.
MATERIALS AND METHODS

Bacterial strains and culture condition
Francisella tularensis subsp. holarctica LVS, Escherichia coli JM109 and E. coli JM109 pAcGFP (Clontech, Mountain View, CA, USA) were used in this study. Francisella tularensis subsp. holarctica LVS was obtained from the Pathogenic Microorganism Genetic Resource Stock Center, Gifu University and cultured aerobically at 37
• C in brain heart infusion broth (BD, Franklin Lakes, NJ, USA) supplemented with cysteine (BHIc) (Gann et al. 2010) or Brucella broth (BD) containing 1.5% agar (Wako, Osaka, Japan). Bacterial strains were maintained as glycerol stocks frozen at −80 • C. Escherichia coli JM109 was cultured in Luria-Bertani (LB) broth (Nacalai Tesque, Kyoto, Japan) or LB broth containing 1.5% agar. Ampicillin (100 μg mL −1 ) and chloramphenicol (10 μg mL −1 )
were used as necessary.
Construction of Francisella tularensis msr mutants
The msr mutants of F. tularensis were generated by group II intron insertion using the TargeTron R gene knockout system (Sigma-Aldrich, St Louis, MO, USA) modified for Francisella species (Rodriguez et al. 2008) , as described previously (Uda et al. 2014 ).
Establishment of a GFP-expressing Francisella tularensis strain
A GFP-expressing plasmid, pNVU-GFP, was constructed from a pNVU1-expressing plasmid. The tetracycline resistance gene was removed from pNVU1 by treating the plasmid with SmaI. The GFP gene containing an SD sequence was amplified from pGreenTIR using the primer pairs pNVU-GFP-F (5 -GAAATTATTGATCCCTGATTAACTTTATAAGGAGGAA-3 ) and pNVU-GFP-R (5 -CTTGGTCTGACACCCCTATTTGTATAGTTCATCC ATG-3 ) and inserted into SmaI-digested pNVU1. pNVU-GFP was transformed and replicated in E. coli DH5α and purified using a Plasmid Midi Kit (Qiagen, Hilden, Germany). The LVS was transformed with pNVU-GFP by electroporation. The transformed LVS was cultured in BHIc for 3 h and then selected on BHIc agar plates containing 5 μg mL −1 chloramphenicol.
In vitro growth assay of Francisella tularensis in BHIc broth
Overnight cultures of Francisella strains were diluted to an OD 595 of 0.02 and then incubated under shaking in BHIc broth at 37
The OD 595 was measured every hour up to 14 h. Experiments were performed in triplicates.
In vitro oxidative stress assay
Bacterial cultures of the mid-exponential phase were diluted to an OD 595 of 0.02 in BHIc broth. H 2 O 2 (1.8 mM) or t-butyl hydroperoxide (t-BHP; 0.25 mM) was added in the bacterial culture to create an oxidative stress condition, and then the bacterial culture was incubated at 37 • C. OD 595 was measured every hour up to 14
h. Experiments were performed in triplicates.
J774 cells culture and infection assay
The J774 mouse macrophage line was grown in RPMI 1640 medium (Sigma-Aldrich) supplemented with 10% heatinactivated FBS at 37
• C under an atmosphere containing 5% CO 2 . Bacteria were added to a monolayer of J774 cells (5 × 10 4 cells/well) in 48-well tissue culture dishes at a multiplicity of infection (MOI) of 1. These plates were centrifuged for 10 min at 300 × g and incubated for 30 min at 37 • C. Then, cells were washed twice with PBS, and extracellular bacteria were killed by gentamicin (50 μg mL −1 ) treatment for 30 min.
To measure the intracellular growth, the cells were incubated in fresh medium at 37
• C for the designated amount of time, washed three times with PBS and then lysed with 0.1% Triton X -100 in chemically defined medium (Chamberlain 1965) . Colony forming units (CFUs) were determined by serial dilution on Brucella agar.
Fluorescence microscopy
J774 cells (1 × 10 5 cells/well) were grown overnight on 12-mm glass coverslips (Thermo Fisher Scientific Inc., MA, USA) in 24-well tissue culture plates and were infected with different GFP strains at an MOI of 1 for the indicated times. Samples were washed three times with PBS and fixed with 4% paraformaldehyde for 30 min at room temperature. The samples were washed with PBS three times and then washed with distilled water twice. Fluorescent images were obtained using a FluoView FV100 confocal laser-scanning microscope (Olympus, Tokyo, Japan).
Mouse infection assay
C57BL/6J female mice (6-8 weeks old) were obtained from Kyudo Co., Ltd. (Saga, Japan). Groups of three mice per assay were used for three independent experiments. Bacterial strains were grown overnight in BHIc broth from a frozen (−80
• C) stock. Bacteria were cultivated at exponential phase and washed with PBS twice. Mice were infected intraperitoneally with ∼1 × 10 7 cells of each strain in 0.2 mL of PBS. Mice were sacrificed 3 days after infection. Liver and spleen tissues were removed and homogenized in PBS after weighing. Bacteria were plated on Brucella agar after appropriate dilutions for CFU counting.
Ethics statement
All protocols for animal experiments were approved by the Animal Research Committee of Yamaguchi University (Permission number: 141). Animal studies were performed in compliance with the Yamaguchi University Animal Care and Use guidelines. The mice were sacrificed by cardiac puncture under isoflurane anesthesia, and all efforts were made to minimize suffering by using isoflurane anesthesia.
Statistical analyses
Student's t-test was used to make statistical comparisons between the groups. Results were considered significantly different at P < 0.05, as indicated by asterisks. Data are expressed as the mean of triplicate samples from three identical experiments, and the error bars represent the SD. Values are expressed as mean ± SD of three independent experiments. Statistically significant differences compared with the wild-type strain are indicated by asterisks ( * P < 0.05).
RESULTS
Organization of msr
In vitro growth of msrA and msrB mutants following exposure to exogenous oxidants
In this study, mutant strains were generated via the insertion of group II intron using the TargeTron R gene knockout system. In growth curve measurements, the mutant lacking MsrB exhibited significantly decreased bacterial growth (doubling time was ∼1.75 h) compared to the wild-type strain (doubling time was ∼1.5 h). When the growth pattern of the msrA mutant was compared with its parental strain, it showed similar characteristics (Fig. 1A) . The double mutant displayed the same growth characteristics as the msrB mutant (Fig. 1A) .
To investigate the role of the Msr proteins of F. tularensis via in vitro oxidative stress assays, F. tularensis strains were treated with 1.8 mM H 2 O 2 and 0.25 mM t-BHP. In growth curve experiments, the msrB mutant exhibited a significantly lower growth rate than the wild-type strain (Fig. 1B and C) . The msrA mutant did not display any growth variation compared to the wildtype strain when treated with t-BHP, but it exhibited decreased growth following H 2 O 2 treatment. Strains lacking both msrA and msrB exhibited similar growth patterns as the msrB mutant in both cases (Fig. 1B and C) .
Growth of the msrA and msrB mutants inside macrophages
To investigate the role of MsrA and MsrB of F. tularensis during intracellular growth, J774 cells were infected with the wildtype strain and msr mutants. The number of viable bacteria was counted at 2, 24, 48 and 72 h after infection, with the results presented in Fig. 2A . Regarding the msrB mutant, the number of intracellular bacteria was decreased significantly at 48 and 72 h after infection about 48 and 219 times, respectively. Conversely, the intracellular growth of the msrA mutant was not affected (Fig. 2A) . When the growth characteristics of the msrA and msrB double mutant were compared with those of its parental strain, the number of viable bacteria was reduced similarly as observed for the msrB mutant. These results indicated that MsrB, but not MsrA, has an important role in the intracellular growth of F. tularensis. The intracellular growth pattern of the GFP-expressed wild-type strain and msr mutants in J774 cells was also examined using confocal microscopy at 2, 24, 48 and 72 h after infection. Explosive growth of the wild-type strain and msrA mutant was observed at 48 and 72 h after infection (Fig. 2B) , whereas little growth was observed for the msrB mutant and double mutant in J774 cells (Fig. 2B) .
Growth of msrA and msrB mutants in mice
To examine the role of MsrA and MsrB in F. tularensis on bacterial infection in mice, C57BL/6J mice were infected with the wildtype strain, msrA mutant or msrB mutant. All infected mice were checked daily, with not exhibiting significant clinical signs such as, alertness, temperature, body weight, etc. The msrB mutant displayed significantly lower counts than the wild-type strain in the liver and spleen as 10 and 15 times, respectively (Fig. 3) . The counts of the msrA mutant were also lower than those of the wild-type strain in the liver, but not in the spleen.
DISCUSSION
Researchers have expressed increasing interest in the study of the methionine sulfoxide reductases MsrA and MsrB in pathogenic bacteria in recent years because of its function in repairing oxidized proteins to restore biological activity (Ezraty, Aussel and Barras 2005) . These two distinct proteins share no sequence homology. The locations of the msrA and msrB gene loci in chromosomes vary among prokaryotes. The msr genes in several bacterial species, such as Staphylococcus aureus and Bacillus subtilis, are located adjacent to each other and are cotranscribed (Singh et al. 2001; Ezraty, Aussel and Barras 2005) . The copy numbers of msr genes are also variable. For example, St. aureus contains three copy of msrA and one copy of msrB, whereas Escherichia coli contains one copy each of msrA and msrB (Ezraty, Aussel and Barras 2005) . Francisella tularensis subsp. holarctica LVS has one copy each of msrA and msrB, but the loci are located distantly from each other.
The oxidation of proteins in the cell is one of the most important molecular consequences of oxidative stress (Dalle-Donne et al. 2003) . The role of the Msr family proteins in defense against oxidative stress was described in E. coli and Saccharomyces cerevisiae ∼20 years previously (Moskovitz et al. 1995 (Moskovitz et al. , 1998 . The enzyme-substrate interaction of MsrA for Met-S-SO and MsrB for Met-R-SO were illustrated by several studies (Lowther et al. 2002; Weissbach et al. 2002; Boschi-Muller et al. 2005; Weissbach, Resnick and Brot 2005; Lee et al. 2009 ). Susceptibility toward Met-S-SO or Met-R-SO among bacterial species varies greatly because in some bacteria, oxidation of methionine with S epimer is significant as compared to R epimer to protect intracellular reactive oxidative intermediates and vice versa. Among studied pathogenic bacteria such as Salmonella typhimurium, E. coli and St. aureus, MsrA has a vital role in combating oxidative stress (Moskovitz et al. 1995; Denkel et al. 2011; Singh et al. 2015) . The contribution of MsrB to bacterial survival in mice was also observed for Helicobacter pylori and Campylobacter jejuni (Alamuri and Maier 2004; Atack and Kelly 2008) . The lack of msrB in Lactobacillus reuteri results in less efficient survival inside the gastrointestinal tract of mice (Walter et al. 2005) . In this study, MsrA had a limited role in protecting F. tularensis against oxidative stress and promoting bacterial survival in mice. Although the number of msrA mutant was slightly but significantly decreased in liver, similar number of the mutant was counted in spleen and macrophage cell line. Contrarily, MsrB played a vital role in the survival of F. tularensis within macrophages and our mouse model. The significant role of MsrB in the survival of Francisella may indicate its critical effect in the neutralization of ROS within organs and macrophages. The significant role of MsrB in Francisella against oxidative stress in this study may be due to substrate specificity within the intracellular environment. Oxidation of methionine with R epimer in Francisella is probably more significant than S epimer.
The protective role of MsrB against H 2 O 2 may confer resistance to F. tularensis against myeloperoxidase-expressing cells such as neutrophils and monocytes (Lofgren et al. 1984) . Indeed, the msrB mutant was more sensitive to oxidative stressors such as H 2 O 2 and t-BHP than the wild-type strain and msrA mutant. This result is consistent with our hypothesis that F. tularensis is sensitive to oxidation of the Met R epimer, explaining its lower survival within the intracellular environment. As MsrA has little to no protective effect on F. tularensis in the host environment, the msrA and msrB double mutant displayed a similar phenotype as the msrB mutant regarding both intracellular survival and sensitivity to oxidants. In this study, an msrB-complemented strain was also constructed by introducing an msrB-expressed plasmid into the msrB mutant. However, the in vitro growth of the complemented strain was inhibited in comparison with that of the wild-type strain and msrB mutant (data not shown). Overexpression of msrB may affect bacterial growth. Therefore, analysis of complemented strain could not be performed. For further validation, complementation assay is needed.
Some bacteria such as E. coli and S. typhimurium possess an enzyme, biotin sulfoxide reductase (BisC), which can reduce oxidized methionine to methionine Denkel, Rhen and Bange 2013) . However, the F. tularensis subsp. holarctica genome did not contain a bisC homolog in a BLAST search. As ROS represent an important antibacterial factor, various pathways to protect against ROS are available in different bacterial species. The role of Msr proteins in bacterial virulence was well described by Sasindran, Saikolappan and Dhandayuthapani (2007) .
This study confirmed the role of Msr proteins, particularly MsrB, in disease production via both in vitro and in vivo experiments. In future research, determination of the biochemical activities of MsrA and MsrB is necessary to understand the mode of action of methionine sulfoxide reductases in Francisella. Data are presented as mean ± SEM of nine mice per group. Statistically significant differences compared with the wild-type strain are indicated by asterisks ( * P < 0.05).
